Abstract. Mild Induced hypothermia has come to be recognised as a successful method of providing neuro-protective treatment for patients suffering ischemic stroke, cardiac arrest and traumatic brain injury (TBI). Anti-inflammatory responses and the lowering of cerebral metabolic rates, leading to a reduction in neuronal apoptosis, are considered to be the main mechanisms by which this process benefits patients. Assessment of a new hydro based cooling device, which could potentially be used by emergency service units, provided the impetus for the current research. Neurologically normal participants underwent two treatments: a cooling procedure where the temperature of water circulating in a cooling helmet was maintained at 4 ∘ C and a non-cooling/sham procedure where the temperature was set at 18 ∘ C. During treatment participants were required to perform a computer-based task that measured sustained attention/vigilance via participant response times during target detection. Electroencephalographic (EEG) recordings were also acquired before and after each treatment condition. Participants' core temperature (recorded via tympanic membrane) was monitored throughout the process. The findings revealed a statistically reliable 0.62 ∘ C decrease in temperature as a result of cooling after controlling for participants' body mass index (BMI). However, there were no reliable cognitive or EEG spectral changes induced by the decrease in temperature.
Introduction
Induced mild therapeutic hypothermia; where a patients core body temperature is reduced to [30] [31] [32] [33] [34] ∘ C [1] has come to be recognised a major neuro-protective factor in the treatment of TBI [2, 3] , ischemic stroke [4] and cardiac arrest [5] . It is thought that the main benefits include the triggering of cerebral anti-inflammatory processes and a reduction in neuronal apoptosis [6] , though the precise mechanisms leading to these effects are still poorly understood [7] . The efficacy of therapeutic hypothermic care has also proved difficult to demonstrate within human studies [8] .
Though there seems to be broad agreement throughout the literature that cooling procedures have led to enhanced patients outcomes [9] , even after many years of research there is still an absence of consensus on the most efficacious hypothermic induction methods, the amount of time patients should undergo treatment and the precise temperatures that bestow most benefit [10] . This situation is all the more exacerbated by the fact that physiological reactions are notably different amongst patient groups depending on age and comorbid illnesses [11] . There are others still who question whether there is any real significant benefit resulting from induced hypothermia. In a review of the literature Alderson and colleagues concluded that therapeutic hypothermia was not beneficial in the treatment of head injury, they go on to suggest that it may in fact result in harmful side effects such as pneumonia [12] . Whilst pointing out that many trials have produced somewhat promising results the authors also note that these findings have not been replicated using larger populations.
What is of particular note when assessing the literature is the paucity of research conducted using healthy participants. This could perhaps been seen as an oversight by clinical practitioners keen to utilise a treatment which they deem potentially beneficial to patients, however, in so doing they may be missing some important details regarding normal human responses to cooling. It is hoped that the current research may go some way in addressing this issue; by testing a device designed for clinical application on a healthy population.
The ability to adapt to extreme climatic environments has bestowed enormous survival benefits on humans [13] . In healthy individuals core temperature is said to be optimal when it falls within a 36.6-38 ∘ C range, it is our ability to maintain these temperatures that allows us to inhabit extreme locations such as the Oymyakon region of Siberia where January temperatures regularly drop below -50 ∘ C.
The main physiological process involved in this finely tuned adaptation to fluctuations in temperature is homeostasis. Homeostatic responses are designed to support a level of stability and constancy within the human thermo-regulatory system, ensuring that one does not drift into a hypo/hyperthermic state. When hypothermia does occur the body becomes rigid and movement becomes increasingly ataxic.
In an attempt to counteract these effects thermogenesis is initiated through shivering, however, as core temperature drops further (below 31 ∘ C) pupillary responses to light slow down and consciousness may be lost [14] . Cerebrally, the pre-optic anterior hypothalamic region is closely associated with directing thermo-regulation, as it is the temperature of the arterial blood passing through this site that determines brain temperature [14] . Integration of information from both core and peripheral thermo-receptors in the hypothalamus is processed and used to attain optimal core temperature [15] . One of the key elements of the homeostatic response is a change in the metabolic rates of oxygen (O 2 ) and glucose uptake. It has been reported that for every degree Celsius that core temperature drops there is a 5-7% decrease in the amount of cerebral O 2 uptake (e.g., 6 .5%/ ∘ C in [3] ), a reduction in the permeability of the blood-brain barrier and a slowing of cerebral blood flow. However, when these processes are assessed and corrected for concurrent consideration there is thought to be a slight increase in blood flow [16] . Metabolic rates are decreased in all organ systems during mild hypothermia leading to a decrease in cardiac output of roughly 25%. Polderman also emphasizes the point that many of those studying the effects of controlled hypothermia consider this decrease in metabolic rate to be the singular process which bestows neuro-protective benefits to patients. Contemporaneously the hemodynamic processes of vasodilation and vasoconstriction assists core thermoregulation by adjusting the transfer of heat to bodily extremities such as the hands, feet and head. At these sites the temperature is generally 2-4 ∘ C colder than core temperature. During active cooling vasoconstriction takes place in an attempt to reduce blood flow thus limiting further heat loss. Though the majority of research on the effects of thermal stress deals with heat stress, there does exist quite a substantial yet somewhat disjointed literature dealing with the effects of cold stress. Much of what has been written deals with healthy populations, but similar to the genesis of sustained attention research it seems to have been borne out of a post war desire to understand human responses to extreme conditions rather than examining the effects of targeted hypothermic induction. For instance, research carried out by Williams and Kitching saw participants placed in a thermo-regulated chamber for one hour of cooling, with temperatures dropping to -45 ∘ C [17] . Interestingly the variations and decrement in participant reaction times were put down to 'discomfort-induced distraction' rather than any specific link between task performance and cooling. In 1947 Horvarth and Freedman found that housing 22 participants for 8-14 days at temperatures averaging -29 ∘ C, had no effect on performance in a visual choice reaction time test [18] . Teichner [19] and Forlano et al. [20] would later report similar findings. More recently Makinen et al. found that while repeated exposure to cold did seem to have a somewhat minor impact on performance, the effect was negligible and was most likely a result of cold and task induced distraction [21] , echoing Williams and Kitching's findings sixty years previous.
Exactly what occurs physiologically that results in performance decrement due to cooling is still up for debate. For instance, it has been suggested that a slowing of synaptic transmission is perhaps one of the many reasons for the decrement in cognitive performance in hypothermic individuals [14] . Looked at separately there does seem to be at least one common factor, the decremental plateau in performance, and the homeostatic response which allows core temperatures to fall only so far in mildly hypothermic conditions at the expense of distal corporeal performance, both potentially designed to offset negative effects and stabilise performance.
The initial impetus for carrying out the current research programme was to evaluate a head-cooling device designed by Eurolec Instrumentation. Similar to that used by Simmons and colleagues [22] , it is a prototype hydro-based cooling helmet, the long-term goal of which is the potential development of an out of hospital, first response portable cooling unit. It is hoped that such a device might to be used by emergency service units when treating victims of ischemic stroke. The benefits of early hypothermic induction for stroke have been detailed in a review Wu and Grotta [23] .
The present study builds upon the work of Simmons et al. [22] whereby cognitive performance is assessed while participants undergo a head and neck-cooling treatment, using a hydro-based cooling cap. We attempted to do this whilst considering both the early theoretical underpinnings of sustained attention/vigilance, as put forward by Mackworth [24, 25] , and more recent findings in relation to environmental/thermal stress by authors such as Simmons and Hoffman [14] . In a departure from current research, the inclusion of a sham condition where participants undergo a non-cooling normo-thermic treatment might go some way in addressing the conflicting and often contradictory results that have been reported in the field.
A pre-existing validated measure of sustained attention/vigilance [26] was used to test performance within a nonclinical population, thus we hoped to further elucidate on the effects of mild-induced hypothermia on cognitive processes in healthy participants and importantly on the efficacy of the device. Reaction times, thought to be a reliable indicator of speed and integrity of information processing [27] were recorded throughout the process. Tympanic membrane temperature, regarded by many to be representative of brain temperature [28] , was also recorded over the course of the task.
Participants in this study represent a convenience sample of both past and present, healthy university students.
The specific research questions addressed in this project were:
(i) Is the Eurolec Instrumentation head-cooling device successful at achieving a reduction in the tympanic membrane temperature?
(ii) Does mild head cooling affect cognitive performance (measured by responses times) and produce electrophysiological changes (measured by spectral EEG)?
Method

Design.
A repeated measures, within-subjects design was used with participants completing a task measuring sustained attention whilst undergoing two treatments: Cooling and Non-Cooling. Test sessions were one week apart (±1 day) and took place, where possible, between 8-10am. 50% of participants began with the cooling procedure while the others began with non-cooling. Participants were unaware that there was a non-cooling/sham condition, believing both testing sessions to involve the same treatment.
Participants completed a total of six blocks of the sustained attention task, each lasting between 270-305 seconds. During cooling, participants wore a cap lined with silicone rubber tubing which contained rapidly circulating water, the temperature of which was maintained at 4 ∘ C. During the noncooling treatment the exact same procedures were applied with the exception that the water was now maintained at 18 ∘ C.
2.2.
Participants. Twenty-two participants volunteered for the experiment, however data from five participants were excluded from the analysis due to due to technical problems during one of the cooling sessions ( = 2), or due to a failure to return for the second session ( = 3). In the final analysis the results from seventeen participants (7 female, 10 male (2 left-handed)) were utilised. All participants had completed or were in the process of completing third level education. Participants were required to give written informed consent; there were no reports of current or past psychological/neurological illness, photosensitive epilepsy or past head trauma, all had normal to corrected vision.
Undergraduate psychology students from Trinity College Dublin received research credits for their participation in the study. Participants were free to withdraw from testing at anytime during the course of the experiment. Ages ranged from 18-47 years (mean, 26.6; SD, 8.1). Body mass index (BMI) was recorded for all participants and ranged from 16.2 to 31.7 (mean, 22.4; SD, 4.2). All experimental procedures were assessed and approved by the ethical review board of the School of Psychology, Trinity College Dublin in accordance with the Declaration of Helsinki.
Materials.
A Braun ThermoScan PRO 4000 aural thermometer was used to measure all temperature readings. Participants performed a test of vigilance, developed by [26] , which involved monitoring a black and white annulus pattern (see Figure 1) at fixation for transient contrast reductions. Participants were asked to make a right-handed mouse button press as soon as they noticed the contrast changing. The task was displayed using Presentation software (a full detailed description of the task is report by [26] ). Eurolec Instrumentation designed and manufactured the cooling device used in this project. Statistical analysis for the project was carried out using SPSS Statistics (Version 20) and Matlab 2012a software.
Procedures.
Participants were asked to refrain from caffeine consumption prior to testing.
Tests were performed in a quiet, dark room with participants seated 50cm from the monitor. Visual stimuli were presented on a grey background and participants were instructed to fixate on a centrally located 5 × 5-pixel white dot. A 55-cm LCD monitor with a 120-Hz frame rate was used to display all task stimuli.
Prior to testing participants engaged in a short practice block of the vigilance task and were required to make a minimum of three consecutive correct responses in order to demonstrate that they understood the task. Participants completed one block of the task prior to cooling during which EEG was recorded. Upon completion of this first block the cooling cap was fitted (see Figure 2 ) and a further five blocks of the task were completed whilst undergoing the cooling/sham condition. Once the cooling cap was removed the final block was completed accompanied by EEG recording.
Temperature readings, via an aural thermometer, were recorded after each block. Testing took, on average, one hour to complete.
EEG was recorded prior to cooling/non-cooling conditions using the Biosemi Active electrode system digitized at 512Hz at baseline and again after each treatment condition. A 9-channel configuration was used which covered frontal, central, parietal and occipital scalp sites. All channels were re-referenced offline to the nasion. Data were segmented into 2-second epochs and any epochs containing absolute amplitude deviations greater than 100mV were rejected.
Results
Temperature Analysis.
The average temperature for participants in each condition and at each time point is plotted in Figure 3 (Error bars represent the standard error of the mean). A 2 × 5 within-subjects Analysis of Covariance (ANCOVA) was conducted with Condition (Cooling, noncooling) as one factor and Time bin as a second factor (5 levels subtracted from baseline) controlling for Body Mass Index (BMI) as a covariate in the analysis. The tympanic membrane temperature ( ∘ C) was the dependent variable in this analysis.
There was a main effect of Condition, (1, 15) = 7.43, = 0.016, showing greater overall temperature reduction in the cooling condition compared to the non-cooling condition. In addition, there was a main effect of Time bin, (4, 60) = 2.6, = 0.045, indicating that temperature decreased over time. Importantly, there was also a Condition × Time bin interaction, (4, 60) = 3.59, = 0.011. Simple effects demonstrated that in the cooling condition there was a reliable linear decline in temperature relative to baseline ( = 0.006). By contrast, in the non-cooling condition there was no reliable linear decline ( = 0.404).
Cognitive Analysis.
The average response times for participants in each condition and at each time point is plotted in Figure 4 (Error bars represent the standard error of the mean). A further 2×5 within-subjects Analysis of Covariance (ANCOVA) was conducted with Condition (cooling, noncooling) as one factor and Time bin (5 levels subtracted from baseline) and controlling for Body Mass Index (BMI).
There was no main effect of condition, < 1, indicating that response times did not vary across the cooling and noncooling condition. Additionally, there was no main effect of Time bin, (4, 52) = 2.05, > 1, indicating that RTs did not reliably change over time. A significant interaction between Condition and Time bin, (4, 52) = 3.22, = 0.022, did not lead to further significant simple effects that could demonstrate a greater lengthening of response time (i.e., reduced cognitive performance) in the cooling condition compared to the non-cooling condition at each time point recorded (all > 0.05).
EEG Analysis.
We examined different oscillatory EEG activity expressed as a measure of power (microvolts squared;
2 ) before and after cooling (theta band: 4-8Hz; alpha band: 8-14hz; beta band: 14-30Hz). The average EEG spectral power for each of the three spectral bands, before and after each condition, is presented in Figure 5 . For each oscillatory band, a 2 × 2 repeated measures ANCOVA was conducted with Condition (cooling, non-cooling) as one factor and Time (baseline, post-treatment) as the second factor, controlling for Body Mass Index (BMI) as a covariate in the analysis. Theta band activity did not vary as a function of Condition, < 1, or Time, (1, 12) = 1.82, > 0.05, and there was no significant interaction between the Condition and Time, < 1.
Alpha band activity did not vary as a function of Condition or Time and there was no interaction between these factors (all < 1).
Beta band activity did not vary as a function of Condition, < 1, or Time, (1, 12) = 1.91, > 0.05, and there was 
Summary of Results
This investigation revealed a statistically reliable change of -0.62 ∘ C in tympanic membrane temperature induced by the Eurolec brain cooling device over a one hour period.
It is important to note that this cooling effect is only reliable when body mass index (BMI) is controlled for in the analysis. Previous research has demonstrated that mean body temperature is inversely related to BMI [29] . The effects of cooling did not alter the cognitive measures as there was no slowing of response times to the experimental stimuli over the course of the cooling period. Moreover, the EEG measures were also not altered by the effects of cooling. Specifically, we examined different oscillatory EEG activity expressed as a measure of power (microvolts squared) before and after cooling (theta band: 4-8Hz; alpha band: 8-14hz; beta band: 14-30Hz). For each of these bands there was no reliable statistical change from baseline to after the treatment conditions. 
Discussion
It seems that the Eurolec cooling device is successful in reducing tympanic membrane temperature, however, the effects are rather modest. No reliable impact of head cooling was observed on either electrophysiological or cognitive markers of brain function and this appears consistent with several previous studies. As was stated earlier, the main impetus for carrying out this research was to assess the efficacy of the cooling device in achieving mildly hypothermic temperatures, unfortunately a reduction of -0.62 ∘ C does not achieve the desired target temperatures required to bestow any potential clinical benefits.
It is still possible however to consider the effect that the minor reduction in temperature had on the reaction times of participants during the gradual detection sustained attention task. Reaction times recorded throughout the procedure did not differ significantly from one treatment to the other, though this does not necessarily suggest that cooling does not have an effect on cognitive processes. It would seem more likely that the failure to identify any difference in the current research is due to the inability of the cooling device to achieve temperatures that would allow for a true comparison of conditions and the potential effect they may have on performance during the task.
Potential support for two phenomena described earlier in the report, one cognitive the other physiological, may exist. Mackworth's theory of vigilance decrement does seem to be supported by the fact that in both conditions participant's performance deteriorated before reaching what might be described as a plateau. Physiologically, what one might term a homeostatic rebound seems to occur after the fourth trial during both the cooling and non-cooling treatment, with temperatures rising slightly. It is not possible within the confines of the current analysis to accurately assess these results concurrently. Possible links between vigilance and arousal [30] , and arousal reduction as a result of cooling (as measured by pupillary responses), could perhaps mean that the topics of attention and cooling may in the future be capable of informing one another. For this to happen, outstanding issues on the precise nature of iatrogenically created vigilance/attention [31] and a standardising of cooling methods used in psychological experiments need to be addressed.
Enander has highlighted a recurring theme of claim and counter claim pervading the literature on hypothermia [32] . Perhaps one of the reasons that an abundance of conflicting evidence exists is that the relevant research has been carried out almost exclusively in clinical settings. New induction methods and devices are tested on the targeted clinical populations, without knowing the effects on healthy individuals. There seems to exist two disparate fields of study; those who wish to understand the effects of hypothermia on cognitive function with a view to better understanding cognition in general, and those who wish to use hypothermia as a clinical tool without giving consideration to the generalised effects of cooling. As has so often been pointed out in the past, a pooling of resources through a synthesis of methods and theories may bestow mutual benefit on both disciplines. Importantly it might also influence the direction of future studies.
Limitations & Future Research.
In many ways it is difficult to suggest changes to the overall design of the current project. Most, if not all, are practical measures with the obvious one being the need for a cooling device capable of achieving the desired temperatures in a safe and effective manner. In redesigning the cooling device it should be of paramount importance that engineers take into account the fact that a wide range of participants/patients would be tested and that the device should be as adjustable as possible in order to facilitate the many potential users. At the same time it is necessary to maintain as much contact as possible with the outer surface area of the head and the nape of the neck. While the helmet used during the experimental protocol did not provide as much coverage to the neck and surrounding areas as the one used in a later pilot trial session, at all times during testing every attempt was made to maximize the level of contact between the cooling cap and the surface of the participants head.
It was hoped that a modified second helmet, which aimed to provide increased coverage and contact between the cooling cap and the head, would increase the effect of cooling; however, the temperature reduction was marginal. Throughout the main research programme a mean temperature drop of 0.62 ∘ C was recorded, yet using the modified helmet in the pilot test session a reduction of only 0.5 ∘ C was observed. Interestingly, this was despite the fact that the second procedure aimed to further reduce core temperature with the inclusion of nasopharyngeal cooling (via a nasal cannula). Mild induced hypothermia is effective at 32-34 ∘ C, throughout the course of this research a 0.62 ∘ C reduction from participant normo-thermic states was recorded. Unfortunately the current rate of cooling is insufficient for clinically relevant research.
